Grain characteristic, chemical composition, and functional properties of rye were measured in 19 different cultivars grown in one location in up to 3 years. The cultivars included 8 adapted hybrids, 7 adapted population cultivars, and 4 nonadapted population cultivars. The results showed a significant influence of both harvest year and genotype on grain characteristics, chemical composition, and functional properties of the grain. Multivariate data analysis confirmed that the variations in the data were explained by yearly and genotype differences. Calculations of variance components showed that the variations in plant height, harvest yield, and protein content were mainly due to genotype differences and to a lesser extent to differences among harvest years. The kernel weight, hardness index, and content of dietary fiber components, however, were more strongly influenced by the harvest year than by the genotype. Differences in starch properties measured by falling number (FN), amylograph peak viscosity, and temperature at peak viscosity were more strongly influenced by harvest year. The water absorption was strongly influenced by genotype effects, compared to yearly differences. FN and amylograph peak temperature were positively correlated (r ) 0.94). No correlation was found between the water absorption and the relative proportion of water-extractable arabinoxylan (AX) compared to the total AX content. However, the degree of ferulic acid cross-linking showed a negative correlation (r ) -0.70) with the water absorption.
INTRODUCTION
A substantial part of the world rye harvest is used for bread baking, especially in central, northern, and eastern European countries where >3 million tonnes of rye is used for breadmaking per year (1) . Thus, rye bread plays an important role in the nutrition of populations with high rye consumption, although the intake of rye has been declining for several years (1) . The nutritional benefits of a high rye consumption include positive effects on digestion and decreased risk of heart disease, hypercholesterolemia, obesity, and non-insulin dependent diabetes, and probably rye also has a protective effect against some hormone-dependent cancer types (2) (3) (4) . WHO (5) has declared that those diseases are among the diseases that create the greatest health problems in the European region.
Rye is a hardy crop, and the production of rye is environmentally friendly. Compared to wheat, rye can advantageously be grown in organic farming, due to reduced requirements of fertilizer and pesticides. Grain yields of rye, particularly those of the new hybrid cultivars, are comparable to wheat yields on good soils and superior on poor soils where wheat performs badly (6, 7) . The term "population cultivar" designates rye cultivars bred by traditional breeding methods, compared to hybrid cultivars that are produced by the newer non-GMO hybrid breeding methods (8) .
The test weight or weight of grain per unit volume is used as an index of rye grain quality, and minimum test weight specifications are an integral part of the rye grading systems of the European Community (EC) and other rye-producing countries (6) . The minimum test weight requirement for intervention of rye in the European Union (EU) is 68.0 kg/hL (9) . The kernel weight of rye, measured as the weight of 1000 kernels, depends on grain density and size, and the kernel weight of rye grown in different countries ranged between 15.7 and 33.7 g/1000 kernels (6) .
The main chemical constituents of the rye grain are starch, dietary fiber (DF), protein, and mineral matter (ash). The starch content is limited mainly to the endosperm, and contents between 57.1 and 65.6 g/100 g of dry matter (dm) are reported in rye (6, 10) . The DF components are found as cell-wall constituents in all parts of the kernel, and the total content of DF reported in rye grain is between 14.7 and 20.9 g/100 g of dm (10) (11) (12) (13) (14) (15) . Approximately 25% of the total DF components are water-extractable (WE). Pettersson et al. (16) reported a range of variation in the proportion of WE to total DF of 25-30%, whereas the variation found among the samples used in the present study was 20-32% (15) . The main constituents of rye dietary fiber are arabinoxylans (AX) or pentosans. The total content of AX reported in rye is between 6.5 and 12.2 g/100 g of dm (17) . The content of protein reported in rye cultivars, grown in different countries, was between 9.0 and 15.4 g/100 g of dm, and the ash content was between 1.61 and 2.24 g/100 g of dm (6) . The only low molecular weight sugar found in considerable amount in rye was sucrose (0.7 g/100 g), whereas lower contents (<0.1 g/100 g of dm) of glucose, fructose, raffinose, and stachyose were measured (18) .
Rye grain contains enzymes that attack all of its major constituents, and especially the starch-degrading amylases play a key role in relation to the baking quality of the flour (6) . The activity of the amylases is measured by the falling number (FN) method. Rye that is sound and not sprout-damaged normally has a FN in the range of 150 s, and in dry years the FNs are ∼300 s and higher (6) . The minimum FN requirement for intervention of rye in the EU was 100 s (9) . A FN that is too low results in pasty and unacceptable bread. Problems with low FN in rye have been reduced considerably due to the breeding of new cultivars with better resistance to preharvest sprouting (19) . A high content of pentosan has been suggested to have a protective effect against enzymatic breakdown of starch (20) . The starch quality and the breakdown through activity of R-amylase are also measured by the amylograph test. The maximum viscosity of a rye slurry heated in the amylograph and the temperature at maximum viscosity, which is normally reached between 62 and 75°C (21) , are used as quality criteria.
The water absorption of rye flour is measured by the farinograph method. This quality parameter is correlated to the amount of water that can be added to the dough and thereby determines the economically important dough and bread yield achieved from a given amount of flour. The lack of gluten formation in a rye dough makes the role of the swelling substances (mainly AX) highly important for the dough structure (6) . The water absorption is dependent on the content and properties of AX. Especially the proportion of water-extractable (WE) AX to total AX is considered to be important for water absorption (22, 23) . The role of the rye proteins for the water absorption of rye whole meal and rye flour is probably low compared to wheat as a higher proportion of the rye proteins are water soluble (23) . However, Dörfer (24) found that the addition of a protease to rye slurry caused a significant reduction of the viscosity.
In the milling and baking industry it is a well-known fact that rye quality can be highly different from one year to another. Relatively little attention, however, has been paid to the differences in rye grain quality due to rye genotypes. Contrary to the situation with wheat, the milling and baking industry normally do not have specific preferences regarding the rye cultivar. In addition, plant-breeding efforts with rye have not been as intensive as with wheat.
Only a few studies have dealt with the relative contribution of genotype and environment to the chemical composition and quality parameters of rye grain. Gan et al. (25) found a significant effect of genotype and environment on the extract viscosity of winter rye. Rattunde et al. (26) investigated the variation and covariation in milling and baking quality among 38 winter rye single crosses, grown in three environments in one year, and found a significant influence of the genotype. In another study with rye, Wilde and Weipert (27) found that environmental effects had by far the most important influence on the FN, amylograph peak viscosity, and peak temperature of rye compared to the effects of genotype and covariation. In a recent publication, significant effects of both harvest year and rye genotype on the content and composition of DF were demonstrated (28) . With regard to the content of DF components, the yearly differences contributed more than genotype to the total variation. The degree of branching of the total and WE AX, however, was strongly influenced by the genotype (15) . In a corresponding study of grain samples from the same study, significant differences in the content of phenolic acids were found among cultivars and harvest years (29) . Some characteristic differences in dough yield and bread volume among cultivars of rye have also been reported (30) , whereas replicated studies used to quantify the relative influence of genotype and harvest year on these parameters have not been published with rye.
The main purpose of the present study was to determine the relative contributions of genotype (cultivar) and harvest year to the total variation in grain characteristics, chemical composition, and functional properties related to the baking quality of rye. Another aim was to find correlations between grain characteristics, chemical composition, and functional properties of the grain by means of traditional correlation analysis as well as multivariate data analysis.
MATERIALS AND METHODS
Rye Samples. Nineteen different cultivars of rye were grown at the same location (The Danish Institute of Agricultural Sciences, located at Rønhave, Denmark; UTM 549238 eastern, 6090270 northern) in three growing seasons (1996/1997, 1997/1998, and 1998/1999) . The cultivars included 8 hybrids (Rapid, Esprit, Amando, Ursus, Avanti, Apart, Marder, and Farino) and 11 population cultivars (Petkus II, Dominator, Motto, Quadriga, Nikita, Hacada, Amilo, Tsulpan3, Ponsi, Akusti, and Anna). The hybrids Marder and Farino were not grown in 1996/1997. The cultivars Tsulpan3, Ponsi, Akusti, and Anna were not adapted to the Danish climate, whereas the other 15 cultivars were adapted. The nonadapted cultivars are suited for growth in the northern parts of Scandinavia and Russia, where the climate is colder than in Denmark. Thus, the performance of these varieties might not be optimal in the Danish climate. The cultivars were included in the study in order to increase the genetic variability.
Each cultivar was grown in four replicated plots of 18 m 2 size in a fully randomized block design. Grain samples from each plot were harvested, milled, and analyzed separately, and original seed material was used each year. Seeding rates were adjusted to give 300 plants/m 2 in 1996/1997 and 1998/1999 and 250 plants/m 2 in 1997/1998. Fertilizer (150 kg of N/ha in 1996/1997 and 130 kg of N/ha in the two following years) was given in three applications. Pesticides and growth regulators were used according to normal practice. The use of pesticides and growth regulators was constant from year to year. The soil at Rønhave is a sandy loam. The hybrids were grown as pure hybrids, where commercial hybrids today are mixed with 10% of population varieties in order to reduce the infection by ergot (31) .
The climate conditions of the three years were in contrast with one another. The summer of 1997 and the harvest period in August were relatively warm and dry. The summer and the harvest time in 1998, however, were rainy, and the summer of 1999 was very warm. The degree of lodging was high in 1997 field plots, which is why the nitrogen supply was lowered from 150 g/ha in 1996/1997 to 130 g/ha in the two following years. In 1998, the degree of lodging was also high, but this was explained by the wet climate of that year. In 1999, practically no lodging occurred except for the cultivar Tsulpan3.
Measurements of harvest yield, plant height, test weight, kernel weight, grain hardness index, protein content, FN, amylograph measurements, and water absorption were performed on 17 cultivars from all three harvest years and on the varieties Marder and Farino from the 1998 and 1999 harvests. Seven cultivars (Esprit, Amando, Ursus, Tsulpan3, Anna, Amilo, and Motto) grown during the three years were selected for performance of baking tests from which the results will be published in a separate paper. These selected cultivars were also used for measurements of content of low molecular sugars. Starch and ash contents were measured in 17 varieties from the 1997 harvest. All measurements were performed at least in duplicate on each grain sample (plot). Results are presented as mean values ( standard deviation (SD) of at least two plots from the same cultivar and year.
Plant Height, Harvest Yield, and Grain Characteristics. Plant height (cm) from the soil surface to the base of the spike was measured at maturity on plants from each plot. The harvest yield of each plot was measured and calculated as hkg of grain/hectare (ha) at 85% dry matter content. The 1000-kernel weight (g) was determined as the mean of three samples of 200 kernels and calculated as weight per 1000 kernels. Test weight was determined as the weight of 1 L of grain. Kernel hardness index was measured by the Single Kernel Characterization System 4100 (Perten Instruments, Huddinge, Sweden).
Milling of Grain Samples. Grain samples were milled on a hammer type cyclone mill (laboratory mill 120, Perten Instruments) with a 0.5 mm sieve (for measurements of protein, ash, starch, and low molecular weight sugars) and with an 0.8 mm sieve (for measurements of FN and amylograph viscosities). Rye grain for measurements of water absorption was milled to rye whole meal on a disk mill (type MHA 600 for 1997 and 1998 samples and type 400 for 1999 samples) (United Milling Systems, Copenhagen, Denmark). The particle size distribution of the whole meal was as follows: >1 mm, 0.7-1.4%; 500-1000 µm, 20.6-24.5%; 250-500 µm, 24.4-26.3%; 160-250 µm, 9.4-10.1%; and <160 µm, 38.6-43.8%. The particle size distribution was similar to that of commercial Danish rye whole meal. The content of dry matter in the milled samples was measured according to ICC standard 110/1 (32) . All values were calculated on a dry matter basis.
Chemical Analysis. Protein, Ash, and Starch. The content of raw protein was determined in the grain samples by Kjeldahl determination (ICC method 105/1) (32). Ash content was determined according to ICC method 104/1 (32) . The content of starch was measured according to the enzymatic colorimetric method as described by Bach Knudsen et al. (33) .
Low Molecular Weight Sugars. The content of glucose, fructose, saccharose, and maltose was determined by HPLC. The milled grain sample (1.0 g, particle size < 0.5 mm) was mixed with internal standard (1.0 mL of erythritol solution, 20 mg/mL) and extracted with warm ethanol (9.0 mL, 96%, 80°C). The suspension was mixed by using an Ultra-Turrax T-25 (Janke and Kunkel GmbH) and centrifuged (3000 rpm, 30 min, room temperature) in a Sorvall RC-5 centrifuge (Dupont Instruments). The extract was filtered through a 0.45 µm Minisart filter. Sugars were separated by HPLC (Varian Chromatography Systems, Walnut Creek, CA) with a Supelcosil LC-NH 2 column (25 cm + 4.6 cm; 5 µm, no. 58338) and acetonitrile/water (82:18) as eluent (1.2 mL/ min). Sugars were quantified by refractive index detection (Varian Star 9040, Varian Chromatography Systems). All extracts were prepared in duplicate on each grain sample.
Dietary Fiber Components. The content and composition of dietary fiber, including total, WE, and water-unextractable (WUE) DF, mixedlinkage -glucan, and fructan was determined in samples from all 19 cultivars from which the seven selected cultivars were analyzed all three years. The methods of the dietary fiber measurements as well as detailed data on DF in the samples are described by Boskov Hansen et al. (15) . Only selected data from the DF analyses are presented in this paper. For more details on the DF content and composition, please refer to the previous publication (15).
Functional Properties. Falling Number and Amylograph Measurements. The FN was determined according to ICC standard 107 (32) . Amylograph measurements were performed with a Viscograph E (Brabender OHG, Duisburg, Germany) according to ICC standard method 126/1 (32) . The maximum viscosity in Brabender units (BU), temperature at maximum viscosity (°C), and temperature at the beginning of gelatinization (°C) were registered.
Water Absorption. The water absorption of rye whole meal was measured as described in the standard methods (ICC method 115/1) (32, 34) with some modifications: 200 g of flour (14% moisture basis) was mixed in a 300 g farinograph bowl (at 30 rpm) with demineralized water to a final dough consistency of 300 ( 10 BU after 10 min of kneading time. The water absorption was calculated as (x + y -200)/ 2, where x ) water added (mL) and y ) actual amount of flour added according to the correction table for 14% moisture content (AACC method 82-24) (35) .
Statistical Analysis. All statistical analyses were performed by means of SAS software, version 8.2, SAS Institute Inc., Cary, NC. The significant effects of genotype (cultivar), harvest year, and their interactions on the quality parameters were determined by a two-way analysis of variance and covariance (GLM procedure) on data from the 17 cultivars grown in all three years. A general model for the statistical analysis was where Xijk was the observation within the ith year (Yi) of the jth genotype (Gj) in the kth replicate (γk), µ was the overall mean, (Y × G)ij was the interaction, and ijk was an error term. Variance components were calculated by means of the procedure VARCOMP (SAS) using the restricted maximum-likelihood method (REML). Significance levels in the paper refer to the test results in a fixed effects model, whereas, for the calculation of variance components, genotype and year were treated as random factors.
Effects of genotype within each harvest year were tested by a oneway analysis of variance. Significant differences among mean values were found by a multiple t test (Tukeys t test; P < 0.05). Pearson correlation coefficients (r) were calculated between all of the measured parameters [including the DF data reported earlier (15) across cultivars and years]. All measurements presented in the paper were performed on replicate experimental units (plots), and data are presented as mean value ( standard deviation (SD).
Multivariate Data Analysis. A principal component analysis (PCA) was performed on all samples and all variables according to the method of Martens and Naes (36) using the software Unscrambler (37) . The content of total DF, which was reported by Boskov Hansen et al. (15) , was included in the PCA. The aim of the PCA algorithm was to determine the latent factors or principal components (PCs) in the data set, which described most variation. On the basis of vector algebra the data material was compressed into scores for principal components, which were plotted on a score plot. Scores placed near each other indicate that the samples act similarly. The included variables were expressed as loadings and plotted together with the scores in a biplot. A score placed near a loading indicates a high influence by the variable.
RESULTS
Plant Height, Harvest Yield, and Grain Characteristics. The measured parameters plant height, harvest yield, and grain characteristics showed a large range of variation among cultivars ( Table 1 ) and less variation among harvest years ( Table 4) . A significant influence of harvest year, genotype, and covariation was found ( Table 4 ). Characteristic differences in plant height and harvest yield were found among adapted hybrids, adapted population cultivars, and nonadapted population cultivars ( Table  1) .
Plant Height. The plant height ranged between 135 and 194 cm. Hybrid cultivars were generally slightly lower than adapted population cultivars and much lower than nonadapted cultivars (Table 1) . Genotype effects were high (52% of total variance), compared to yearly effects (23%) and covariance (7%) ( Table  4) .
HarVest Yield. Harvest yields ranged from 51 to104 hkg/ha among all varieties and harvest years ( Table 1 ). The harvest yield was influenced the most by the rye genotype, which accounted for 80% of the variation, whereas yearly differences contributed only 8% of the total variance ( Table 4) . Adapted hybrid cultivars produced 10-20% higher yields compared to adapted population cultivars, whereas nonadapted population cultivars produced much lower harvest yields than adapted cultivars ( Table 1 ). The highest yields were achieved in the warm summer of 1999, with a mean harvest yield among the 17 cultivars of 82 hkg/ha compared to 77 hkg/ha in 1997 and 73 hkg/ha in 1998 ( Table 4) .
Test Weight and Kernel Weight. The test weight ranged from 702 to 806 g/L, and weight per 1000 kernels ranged from 20.4 g (Ponsi, 1998) to 39.9 g (Rapid, 1999) ( Table 1) . Test and kernel weights were highly influenced by both harvest year (63 and 65%) and genotype (23 and 25%) ( Table 4 ). The test weight and kernel weight were highest in 1999 (786 g/L, 35 g/1000 kernels) and lowest in 1998 (740 g/L and 27 g/1000 kernels) ( Table 4) . Generally, the adapted cultivars had higher test weight and kernel weight than the nonadapted cultivars ( Table 1) .
Grain Hardness Index. Grain hardness index ranged from 41 to 57 ( Table 1) . As a mean of the three harvest years Esprit had the softest kernels, whereas Avanti was the cultivar with the hardest kernels ( Table 1) . The variation in grain hardness index was most influenced by the harvest year (51%), with a lower influence of the genotype (19%) ( Table 4 ). The mean value of grain hardness index was highest in 1999 (53 ( 3) and lowest in 1997 (46 ( 1).
Chemical Composition. Protein Content. The protein content ranged from 8.0 to 11.3 g/100 g of dm ( Table 2 ). The cultivar Anna had the highest protein content (10.0-11.3 g/100 g of dm), whereas the lowest content was measured in the hybrid cultivar Farino (7.9 g/100 g of dm). The protein content was significantly influenced by both genotype and harvest year; however, the influence of the genotype was very high (67%) ( Table 4 ). The nonadapted cultivars generally had the highest protein content and the adapted hybrid cultivars the lowest protein content ( Table 2) .
Starch and Ash Content. The starch content of the 17 cultivars harvested in 1997 ranged between 57.0 and 62.5 g/100 g of dm ( Table 2) , and significant differences were found among the genotypes. In general, grain from the nonadapted cultivars with high protein content contained less starch (58.0 g/100 g of dm) compared to adapted hybrids (60.7 g/100 g of dm) and adapted population cultivars (61.5 g/100 g of dm).
The ash content ranged from 1.8 to 2.2 g/100 g of dm among the 17 cultivars harvested in 1997 ( Table 2) , and significant differences were found among the genotypes. The nonadapted cultivars showed a slightly higher ash content than adapted hybrids and adapted population cultivars.
Low Molecular Weight Sugars. Sucrose was the low molecular weight sugar found in highest amount in the rye samples, but the concentration was rather low (0.4-0.7 g/100 g of dm) (data not shown). No significant difference in sucrose content was found among harvest years or groups of cultivars. Only traces (<0.1 g/100 g of dm) of fructose, glucose, and maltose could be detected in the samples (data not shown).
Dietary Fiber. The content of AX ranged from 8.7 to 11.5 g/100 g of dm, and the proportion of WE AX relative to total AX varied between 26 and 39% among cultivars and harvest a H, hybrid; P, population cultivar; P1, nonadapted population cultivars. b Significance level for the effect of genotype within each harvest year: ***, P < 0.1%; **, P ) 0.1−1.0%; *, P ) 1.0−5.0%; ns, nonsignificant (P > 5%). c Least significant difference between means in the same column. d n ) number of grain samples (plots) analyzed from each cultivar. e The cultivar was not grown in 1997. Table 2) . A significant influence of genotype (20%) and harvest year (38%) was found on the total content of AX, whereas no significant differences were found in the content of WE AX or the proportion of WE AX to total AX ( Table 4) . The content of other dietary fiber components (e.g., total DF and mixed linkage -glucan) has been reported earlier (15) . Please refer to that paper for more detailed information on the DF content and composition of the rye samples.
years (
Functional Properties. Falling Number. The FN of the grain samples ranged from 82 s (Tsulpan3) to 358 s (Amilo) ( Table  3 ). The FN was most influenced by harvest year, which accounted for 77% of the total variance, whereas the effect of genotype accounted for only 11% ( Table 4 ). The mean FN was only 129 s in the rainy summer of 1998 compared to 242 s in 1997 and 287 s in 1999. The cultivars Amilo and Ponsi were least influenced by the weather conditions, whereas the FNs of the cultivars Anna, Apart, Tsulpan3, and Rapid were dramatically lowered in the rainy summer of 1998 due to higher activities of R-amylases ( Table 3) . No differences were found among the three groups of cultivars ( Table 3) .
Amylograph Gelatinization Properties. The amylograph peak viscosity ranged from 387 to 1114 BU, the temperature at peak viscosity varied between 61.0 and 76.7°C, and the temperature at the beginning of gelatinization ranged between 49.2 and 52.7°C (Table 3 ). Yearly differences accounted for 49-70% of the total variance of the amylograph parameters, whereas the estimated influence of genotype was only 13-23% ( Table 4) . The mean maximal viscosity was as low as 498 BU in the rainy summer of 1998 compared to 637 BU in 1997 and 843 BU in 1999. The cultivars Amilo and Ponsi had very high gelatinization temperatures (>73°C) in the warm summers in 1997 and 1999 combined with high amylograph viscosities. The cultivar Farino had very high viscosity in 1999, but not a very high peak temperature. Corresponding to the effects on the FN, the gelatinization temperatures for Amilo and Ponsi were least influenced by the rainy weather conditions in 1998, whereas the cultivars Anna, Apart, Tsulpan3, and Rapid showed low peak viscosities and temperatures at peak viscosity below 62°C ( Table 3) . No general differences were seen in amylograph parameters between the different groups of cultivars ( Table 3) .
Water Absorption. The water absorption of rye whole meal ranged from 63.8 to 70.6% ( Table 3 ). The cultivars Amando and Tsulpan3 generally had high water absorption values, whereas other cultivars, such as Nikita, had low water absorption capacities. The water absorption was mostly influenced by genotype effects (42%) and less by yearly variations (16%) ( Table 4 ). The average water absorption was lowest in 1997 (65.9%) compared to 1998 (66.9%) and 1999 (67.1%).
Correlations. Grain Characteristics and Chemical Composition. In general, the high-yielding adapted rye cultivars had bigger kernels, with a higher content of starch and lower contents of protein, ash, and dietary fiber compared to low-yielding nonadapted cultivars, which had higher contents of protein. As could be expected, the harvest yield was positively correlated with kernel weight (r ) 0.46), test weight (r ) 0.53), and content of starch (r ) 0.45). The content of protein in the grain was negatively correlated with harvest yield (r ) -0.78), kernel weight (r ) -0.32), and test weight (r ) -0. 37), and similar correlations were found between the ash content and harvest yield (r ) -0.50) and test weight (r ) -0.31), whereas no correlation between ash content and kernel weight was found (data not shown). a H, hybrid; P, population cultivar; P1, nonadapted population cultivars. b Significance level for the effect of genotype within each harvest year: ***, P < 0.1%; **, P ) 0.1−1.0%; *, P ) 1.0−5.0%; ns, nonsignificant (P > 5%). c Least significant difference between means in the same column. d n ) number of grain samples analyzed from each cultivar; −, not measured. e Proportion of WE AX to total AX content (%).
Functional Properties. The FN was positively correlated to kernel weight (r ) 0.59) and the content of -glucan in the grain (r ) 0.64), whereas no correlation was found between the FN and the contents of protein, ash, starch, total dietary fiber, total AX, or the proportion of WE AX to total AX (data not shown). As expected, the FN showed a strong positive correlation with amylograph peak viscosity (r ) 0.78) and temperature at peak viscosity (r ) 0.94; data not shown). The content of -glucan was also positively correlated with the amylograph peak viscosity (r ) 0.52) and temperature at peak viscosity (r ) 0.50). The starch content measured in samples from harvest 1997 was not correlated to amylograph data (data a H, hybrid; P, population cultivar; P1, nonadapted population cultivars. b Significance level for the effect of genotype within each harvest year: ***, P < 0.1%; **, P ) 0.1−1.0%; *, P ) 1.0−5.0%; ns, nonsignificant (P > 5%). c Least significant difference between means in the same column. d n ) number of grain samples (plots) analyzed from each cultivar; −, not measured. e Nonbaking cultivars: measurements on one plot from each cultivar. , and covariation (G × Y): ***, P < 0.1%; **, P ) 0.1−1.0%; *, P ) 1.0−5.0%; ns, nonsignificant (P > 5.0%); variance components in parentheses. Relative contribution to the total variance ()100%). Difference to 100% ) replication and error variance contribution. d n ) 7 (data from seven cultivars: Esprit, Amando, Ursus, Tsulpan3, Anna, Amilo, and Motto). not shown). The contents of protein, ash, and dietary fiber components had no influence on the amylograph properties.
The water absorption of rye whole meal was positively correlated with grain hardness index (r ) 0.57; data not shown). No correlation was found between harvest yield, kernel weight, or test weight of the grain and the water absorption of rye whole meal. The water absorption showed also no correlation with the content of protein, ash, starch, or ferulic acid in the grain [contents of ferulic acid and other phenolic acids in the samples have been reported by Andreasen et al. (38) ]. Only a weak positive overall correlation was found between the water absorption and the content of total DF (r ) 0.31) and total AX (r ) 0.33). Contrary to statements made by Drews (22) and Weipert (23) , no correlation was found between the water absorption and the proportion of WE AX to total AX. The ara/ xyl ratio of the total AX was also not correlated with water absorption, whereas the ara/xyl ratio of WUE AX showed a significant negative correlation with water absorption (r ) -0.32). A positive correlation between the total AX content and the water absorption within the same cultivar was found for some of the cultivars, whereas other cultivars showed no increase in water absorption with increasing AX content. The cultivars that showed a positive correlation between the total AX content and water absorption were Amando (r ) 0.52; n ) 7), Amilo (r ) 0.64; n ) 7), Akusti (r ) 0.83; n ) 3), Farino (r ) 0.77; n ) 4), Nikita (r ) 0.54; n ) 3), Motto (r ) 0.59; n ) 6), Rapid (r ) 0.94; n ) 3), Tsulpan3 (r ) 0.41; n ) 7), Quadriga (r ) 0.98; n ) 4), and Ponsi (r ) 0.78; n ) 4). The -glucan content of the grain was not correlated with the water absorption. The amount of fructan, which was relatively high in the rye samples (15) , was not correlated with any of the measured baking quality parameters (data not shown).
The content of ferulic acid and ferulic acid dimers was measured in the 17 cultivars from 1997 and in four cultivars from 1998 (Ponsi, Tsulpan, Esprit, and Motto), which were selected for their different contents in 1997 harvest (29) . The molar ratio of arabinose to ferulic acid was 48:1 in 1997 and 59:1 in 1998 samples. A much higher degree of ferulic acid cross-linking was found in 1997 samples, with a mean molar ratio of arabinose to ferulic acid dehydrodimers of 297:1 compared to the molar ratio of 423:1 in 1998 samples (15) . This lower degree of cross-linking found in the 1998 samples might explain the higher water absorption of rye wholemeal from 1998 grain samples compared to grain from 1997 ( Table  3) . A negative correlation (r ) -0.34; n ) 20) was found between the degree of cross-linking of the AX, measured as the amount of diferulic acid in relation to the content of arabinose in the DF, and the water absorption (data not shown). The cultivar Motto had a lower water absorption than the other cultivars but the same degree of cross-linking. When the data for Motto (two samples) were eliminated, the correlation coefficient (r) between the degree of cross-linking and the water absorption of the measured cultivars in 1997 and 1998 was -0.70 (n ) 18). No correlation was found between the degree of cross-linking and the relative proportion of WE to total AX in the samples ( Table 2) .
Multivariate Data Analysis. The results of the PCA from all data confirm and visualize the results of the variance analysis. Figure 1 shows the relative position of the cultivars from each of the three harvest years in a plot of the first and second PCs, which describes most variation (52% of the total variance). The samples divide roughly into three groups according to the different harvest years. The effect of genotype is also clearly seen as the different cultivars are roughly placed in the same position relative to each other within each harvest year. The samples harvested in the rainy summer of 1998 are placed in the left part of the plot, whereas the samples harvested in the very warm summer in 1999 are nearer to the top right corner. Intermediate are the samples harvested in the warm and dry summer in 1997. Figure 2 shows the same cultivars according to groups, H (adapted hybrids), P (adapted population cultivars), and P 1 (nonadapted population cultivars) together with the loadings of the included variables. Within the circles illustrating the harvest year in Figure 2 the nonadapted cultivars (P 1 ) are placed nearer the top left part of the plot, whereas the adapted cultivars (P and H) are placed in the bottom and right parts of the plot. The division according to year of harvest and groups was even clearer when a PCA was performed if the variables yield and plant height were included (plot not shown).
DISCUSSION
Plant Height, Harvest Yield, and Grain Characteristics. The high range of variation in harvest yield, plant height, kernel weight, and grain hardness index found in this study illustrates the high diversity of the rye plant and kernels due to genetic and yearly differences (Tables 1 and 4) . The harvest yield and plant height were mostly influenced by the rye genotype (52-80% of the total variance). Kernel weight, test weight, and grain hardness index, however, were influenced more by yearly variation compared to variation among cultivars. In a study of the impact of weather on yield components of winter rye over 30 years, Chmielewski and Kohn (39) observed that the kernel weight was negatively influenced by high temperature and drought during the ripening stage as this weather situation reduced the duration of the grain-filling period. Warm and sunny weather in the autumn and an early start of the growing season after winter increased the crop density, kernel number, and yield (39) . As expected, the harvest yield of hybrid cultivars was 10-20% higher than that of population cultivars, which has also been reported by Geiger (8) . Plant heights were greatly different even though growth regulator was used on all cultivars each year. The kernel weight and test weight were relatively high compared to data reported by Seibel and Weipert (6) . The grain hardness index of rye has not been reported earlier, but the present results show that grain hardness can vary considerably between rye cultivars and harvest years.
Chemical Composition. The most important variance component for the protein content measured in the present study was the genotype, compared with much lower effects of harvest year and interaction. The lower protein content of modern hybrid cultivars found in this study is in accordance with findings by Wilde and Weipert (27) . The role of the rye proteins in relation to breadbaking is considered to be low, as no gluten network is formed in a rye dough (29, 40) . The relevance of the observed differences in protein content in relation to the baking performance of the grain is not known. No correlation was found between the total protein content and the water absorption of the grain. The ash content probably has no technological importance. The low content of low molecular weight sugars found in the present study has also been reported by other authors (12, 18) . The content of starch measured in this study is in accordance with findings by other authors (6) .
Functional Properties. The variation in the starch properties FN, amylograph viscosity, and gelatinization temperature found in this study (Table 3 ) is in accordance with the range of variation reported by other authors (6, 41) . The high influence of the harvest year compared to genotype effects confirms the high susceptibility of the rye starch quality to weather conditions. Although significant differences were found among the cultivars, only minor differences were found among the three groups of cultivars, which indicates that the high-yielding hybrid cultivars have starch properties similar to those of population cultivars. A high influence of the environment on starch properties (FN, amylograph peak viscosity, peak temperature) was also reported by Wilde and Weipert (27) , who found that estimates of genotype and covariation effects were only 7.4-27.5% of the total variance among rye grain from different cultivars and locations in Germany. Selection of young material in the breeding programs is mainly based on FN, which may also affect the amylograph properties. No correlation was found between the FN and the total AX content, but a positive correlation existed between the FN and the content of -glucan in the samples. As reported earlier, the content of -glucan was positively correlated with kernel weight (15) . Thus, it seems that cultivars with high -glucan content and big kernels tend to have a higher protection against low FN. Table 1 ). H, hybrid; P, adapted; P 1 , nonadapted.
The water absorption of the rye samples showed a large range of variation among cultivars and harvest years. The water absorption was mostly influenced by the genotype compared to a much lower yearly variation. As the water absorption is related to the content and properties of the DF (22, 23) , especially AX, one could speculate that differences in content or structure of DF components are responsible for the differences in water absorption. A significant influence of the genotype was found on the content of DF and AX (15) . With inclusion of all samples, only a weak positive correlation was found between the total amount of DF or AX and the water absorption of the flour. Some cultivars, however, showed a positive correlation between the total content of AX and the water absorption. This indicates that not only the amount but also the "quality" of the AX is important in regard to the water absorption. The relative proportion of WE AX to total AX showed a high range of variation (26-39%), which is in accordance with the findings of Bengtson et al. (42) (19.8-37.5 ) and Weipert (41) (20.7-31.5%), but no correlation was found between this proportion and the water absorption of the flour. The observed high influence of the genotype on the viscous properties of the grain was most likely caused by differences in AX structure, such as the degree of branching and/or ferulic acid cross-linking of AX molecules, as well as the molecular size of the AX. The negative correlation found between the water absorption and the ara/xyl ratio of the WUE AX together with the high genotype influence on the ara/xyl ratio of the WUE AX (15) confirms that these parameters are important. The results show that a high degree of branching of the WUE AX and a high degree of ferulic acid cross-linking of the AX are related to a low water absorption of the rye whole meal. The molecular size of AX was not measured in this study but might also be important. Arabinoxylan molecules of various molecular sizes have been reported within the WE AX (43) and solubilized WUE AX fractions of rye grain (44) . Furthermore, Gan et al. (25) found that the rye extract viscosity was dependent on the genetic variation of rye, and Scoles et al. (45) found that it was correlated with the proportion of high molecular weight (>500 kDa) AX in the WE AX. The fact that the water absorption of rye is much more dependent on the rye genotype than on yearly variation means that bakeries could benefit from selecting a specific rye cultivar with a relatively high water absorption for their production.
ABBREVIATIONS USED
dm, dry matter; AX, arabinoxylan; DF, dietary fiber; SD, standard deviation.
